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ABSTRACT 
 
This study addresses the importance, procedures and results of experimental 
measurement of surface properties of brain tissues under normal and frictional contact. 
Load and friction response is studied in coronal slices of LE/Blu Gill rats; the scope of 
this study encompasses the white and gray matter found in the cortex area of the brain. 
Tests including indentation and sliding are used to quantify the stiffness and friction 
response on fixed and unfixed samples. In order to apply the needed loads and retrieve 
data with precision, a portable custom microtribometer is employed to take the 
measurements. In this analysis a thin film approximation to Hertzian mechanics is 
implemented since the slices in question are thin cortical samples and measurements can 
be affected by substrate effects. Indentation to increasing depths is used to evaluate the 
stiffness of gray matter as well as any permanent deformation. The reciprocating sliding 
experiments are performed in three locations: over gray matter, parallel to a region of 
white matter fiber direction, and crossing from gray matter to white matter. A data 
analysis method is implemented for spatially-resolved friction coefficient able to detect 
features and interfaces in the samples surface. Experimental results confirm the presence 
of a highly compliant tissue with moderate friction coefficient that is distinct according to 
the specific tissue in the interface, with gray matter in the fixed and unfixed states 
showing µ=0.102-0.105 and µ=0.159-0.182, respectively. White matter showed µ=0.13-
0.3 along the fiber and spatially-varying friction perpendicular to the fiber µ=0.19-0.36 in 
fixed samples and, µ=0.17-0.24 and µ=0.23-0.34 respectively on unfixed samples. 
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CHAPTER 1 
INTRODUCTION 
 
1.1 BRAIN BACKGROUND 
Brain tissue is one of the softest yet most important tissues in the human body, and it is 
protected by multiple layers of membranes, fluid, and the skull. Even so, brain tissues 
like gray and white matter undergo surface shear under specialized situations such as 
surgery, needle steering, and traumatic brain injury (TBI). Hu et al. 2013 studied the 
force response from variable cutting speeds in aorta tissue. Needle steering and brain 
probe placement are being studied to determine the mechanical response of brain tissue 
and peripheral nerves. Sergi et al. 2012 calculates the friction coefficient related to In 
vivo microneedle insertion. The backflow related to needle insertion speed is studied by 
Casanova et al. 2014 and, Bjorsson et al. 2006 quantifies the damage on tissue by using 
different tip geometries and insertion speeds. Although the motivation for some of these 
studies is focused on brain probes it can also be relatable to the needle insertion 
mechanics taking into consideration Young’s Modulus, Poisson’s ratio, probe geometry, 
insertion rate, depth, shear stress and frictional force. In the US alone the “CDC’s Report 
to Congress on Traumatic Brain Injury Epidemiology and Rehabilitation” states that in 
one year there are 2.2 million cases of TBI in the Emergency department, 280,000 
hospitalizations and 50,000 deaths resulting in an approximate 2% fatality rate.  
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Over the past decade there has been an increasing effort to create models and FEA 
simulations to understand the mechanisms and stress concentrations that cause damage to 
the brain internal structures potentially compromising its functionality. So far there has 
not been agreement on the best materials model framework to describe the behavior of 
very soft biological tissues under loading. Some of the models found in literature include 
Linear elastic (Namani 2012, Zhang 2014), Ogden (Rashid 2012), Mooney Rivlin 
viscoelastic (Hrapko 2006, Miller K. 2005), Neo-Hookean hyperelastic (Livarinen 2012), 
hyperelastic (Roan 2006), Viscoporoelastic (Cheng 2007) and Nonlinear viscoelastic 
(Pandolfi 2012,Dommelen 2009, Prevost 2011, Sergi 2012, Wu 2004). Although some of 
these models could be used to represent more efficiently the properties of the brain in 
specific cases the discrepancy still exists on which one is the best to use. 
 
Brain tissue stiffness and other properties values found in literature have a wide variance 
because there are many factors that have an effect on the testing results such as sample 
source and age, type of loading, time of testing after extraction, tissue preservation before 
testing, loading histories and testing procedures (Prevost 2011). Furthermore, as many 
have found, the friction coefficient used to match the experimental data to the proposed 
models has an influence on the stress and load response results. Even while only 
contrasting the results from FEA simulations Wu et al. 2004 found a 60% error in stress 
response between an idealized case where µ=0 and when µ=0.5. Miller 2005 got a 16% 
in reaction force when using µ=0~0.1, a 100% load response increase in unconfined 
compression while going from µ=0.1 to completely bounded (Cheng 2007), in simulation 
3 
 
Hrapko 2006 shows an increase of 70% in stiffness between slip vs. no-slip condition up 
to 15 % strain, on a study using fibrin gels, Namani 2012 uses FE to find a 53% increase 
in indentation stiffness from a frictionless case to a case where µ=1. In an effort to 
minimize the effects of friction coefficient on stress or load response Prevost et al. 2011 
used PBS in the tissue-platen interface for unconfined compression. 
 
As seen before, the analysis and simulation of soft tissue behavior has many unknowns 
and uncertainty both from models employed and the array of parameters affecting 
repeatability of results. For this reason, this study aims to precisely measure the friction 
coefficient on cortex gray matter and white matter. A series of experiments were 
performed to characterize surface and bulk properties on coronal slices of LE Blu/Gill rat 
brain (Figure 1) in fixed and unfixed state.  
 
In order to reduce uncertainty in low forces and high strains observed in soft tissue, 
careful measurements of the friction coefficient must be performed by repeating the 
testing conditions as close as possible in every experiment. To the author’s knowledge, 
the only attempts to characterize this surface property has been made by Sergi et al. 2012 
through needle insertion experiments and by Rashid et al. 2012 who using a combination 
of experimental compression experiments, bonded and frictionless, and FEA analysis. 
The friction coefficient reported is dependent of compression rate by modifying the 
friction coefficient until the load response curve matched using Abaqus with Ogden 
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material parameters finding µ=0.09 ± 0.03 through µ=0.20 ± 0.02 depending on the strain 
rate.  
 
1.2 WHITE MATTER FIBER ANATOMY 
While gray matter structures are arranged randomly and its stress-strain does not have 
directional preference, the myelination of the axons in white matter additionally to giving 
its white tone arranges into bundles in form of fibers. The myelin of the axons improves 
electrical impulse connectivity between different parts of the brain and, in the cortical 
section of the brain it connects different parts in the gray matter. A type of Diffusion-
Weighted Magnetic Resonance Imaging called Diffusion Tensor Imaging developed in 
neuroscience is useful to map the white matter tractography in the brain. This same 
technique provides an insight on to the isotropic distribution of gray matter, while some 
myelinated axons exist, the predominant isotropic water molecule diffusion characteristic 
indicates a randomly distributed tissue. We employ imaging recorded in Axons and Brain 
Architecture, Kathlin S. Rockland, 2016, Fig. 18.8, to find the direction of these fibers in 
coronal sections of the rat brain and confidently slide perpendicularly and parallel to the 
fibers direction. Figure 2 extracted from Axons and Brain Architecture shows the fibers 
direction by color coding, looking at the guide in the top left corner denotes the direction 
of the fibers in white matter. 
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1.3 STUDY CONTENT 
This study is composed of two parts, the first one deals with the stiffness response of gray 
matter via indentation and, the second focuses on the friction response of gray  and white 
matter against an impermeable probe. Indentation experiments are performed on the 
cortical gray matter found in the rat brain, and the analysis reported here considers it an 
isotropic “material” [Prange and Marguiles, 2002] (Figure 1). White matter is considered 
to have directional properties thanks to its fibrous network of aligned myelinated axons, 
hence, indentation on this tissue can be difficult to characterize without a good analysis 
framework. A thin film approximation [Chan et al.] is used to calculate the elastic 
properties of the material from Hertzian contact mechanics. Furthermore, indentation 
tests were conducted on fixed and unfixed samples determining the differences in 
response after the tissue has been exposed to the fixation process. For the second part, 
sliding experiments were performed over gray and white cortical matter. The sliding 
experiments over gray matter are performed on fixed and unfixed samples. For the white 
matter case, additionally to testing fixed and unfixed samples, sliding experiments 
separate into, sliding direction parallel to the neural fibers and sliding perpendicular to 
the direction of the fibers. This testing structure allows us to first validate our procedures 
and fine tune our testing abilities before starting to perform the sliding experiments. And, 
resembles the response from any surgical instruments inserted into the brain tissue 
encountering a combination of gray and white matter in a complex orientation. 
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A portable microtribometer (Figure 3) is used to perform both indentation and friction 
experiments. This instrument is a displacement controlled system capable of precisely 
recording load, time and position of the probe during the entire length of the experiments. 
It can apply a wide range of pressures thanks to being highly customizable. And, it 
outputs detailed data on the material behavior throughout the experiment for post-
processing purposes. 
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1.4 FIGURES 
 
 
Figure 1. Rat brain anatomy schematic depicting testing site and dimensions 
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Figure 2. DTI white matter tractography (Axons and Brain Architecture) showing 
myelinated fibers orientation of a rat brain in a cortical section 
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Figure 3. Portable microtribometer used for indentation and friction experiments 
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CHAPTER 2  
METHODOLOGY AND MATERIALS 
 
2.1 SAMPLES 
The samples where extracted from LE Blu/Gill rats on-campus each day of testing. All 
the specimens from where the samples are collected are breed and raised in the same 
conditions, the only variables comes in the form of age and gender. For the gray matter 
indentation and sliding experiments 1.5 mm thick samples were collected using coronal 
sections of the brain, two rat brains were used for this part of the study. The slices are 
dissected using a guillotine with a micrometer screw stage to precisely measure the 
desired slice thickness. Samples were excess tissue generously donated by Martha 
Gillete’s laboratory in the Department of Cell and Developmental Biology, University of 
Illinois at Urbana-Champaign. All animal protocols are done in accordance with IACUC 
requirements. In total, eight samples were placed in PBS (Phosphate Buffered Saline 
solution) and eight samples were placed in formalin (fixative) at the time of extraction 
Formalin crosslinks the proteins in the tissue and stiffen the sample. Samples were 
refrigerated to extend their viability time, testing the unfixed samples on the same day of 
extraction and testing the fixed samples later since their viability is extended thanks to the 
fixation process. The fixed samples media was changed after 2 hours from the moment of 
fixating it to PBS ensuring their hydration. The samples used for sliding over white 
matter went through the same procedure as the ones for gray matter testing with the 
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exception of the thickness which was 2mm. Four samples were placed in PBS and the 
other four in formalin for fixation (Table 1). 
 
2.2 MICROTRIBOMETER 
A custom portable microtribometer was used to simultaneously prescribe test motions 
and record data (Figure 3). Displacements of the probe and sample are controlled through 
piezoelectric stages. The vertical stage PI (Physik Instrumente, Boston, MA) P-625.1CD 
controls the probe displacement motion and applies the normal force needed for 
indentation and sliding experiments, it has a 500 µm travel length with a 1.4 nm 
resolution, a 10 N max load and, an integrated capacitive sensor that provides position 
feedback. The sample motion is controlled by the horizontal reciprocating stage PI P-
629.1CD providing a steady displacement rate for each sliding cycle, it has a 1500 µm 
travel length with a 3 nm resolution, a 10 N max load and, like the vertical stage it also 
provides position feedback through an integrated capacitive sensor. Normal and lateral 
loads are exerted on the sample by a probe attached to the end of a flexure, this flexure is 
a four arm cantilever beam designed to avoid torsional deflections to the greater extent 
possible and it is mounted on the vertical piezoelectric stage (Figure 4).  
 
Deflection of the flexure end is recorded by two capacitive sensors from Lion Precision 
C5R-0.8 coupled with a driver CPL 190 able to measure a distance of 100 µm with a 50 
nm resolution, one of these capacitive sensors is positioned vertically and the other is in 
the horizontal position (Figure 4). Applied loads to the end of the flexures are calculated 
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from the deflection measured at this point in the flexure and the known normal and lateral 
stiffness from each flexure. A LabView program gathers the data output from the 
piezoelectric stages and the capacitive sensors to track the test conditions at all times. For 
this study data points were averaged at a speed of ~12.5-35Hz. Data extracted from the 
indentation and sliding experiments then was processed using Matlab and Excel. 
 
Samples were placed in a polystyrene petri dish and prevented from slipping against the 
bottom by 600 grit sandpaper attached to the floor of the dish. A steel washer was placed 
on top of the samples to keep them from floating and holding them flat to the dish floor 
preventing errors from fluid displacement between the sample and the dish during 
indentation and sliding tests (Figure 5). A brain sample of each type (fixed and unfixed) 
was specifically used to balance the washer and avoid damaging the tested sample or 
introduce undesired concentrated stresses. Samples were submerged in PBS during the 
experiments to keep them wet preventing surface and bulk changes from dehydration or 
swelling from using other fluids. 
 
The probe is a 1 mm radius aluminum sphere attached to the end of a glass shaft and 
fixed to the end of the most compliant flexure to get the lowest normal loads possible. 
Line scans in a KLA TENCOR P-15 stylus profiler over the aluminum ball surface 
provide a surface average roughness Ra ~ 12.3 nm and RMS ~ 15.6 nm on the indenter 
surface (Figure 6). 
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2.3 SAMPLE PLACEMENT CONSIDERATIONS  
Handling tissues can be difficult due to fragility and lubricity. To the authors knowledge 
friction experiments in this configuration are unique for these samples, Budday et al. use 
a similar set up in their indentation experiments. Also, the delicate nature of the tissue 
and the size of the samples makes them challenging to secure for experiments. The first 
sliding tests attempts where not successful because of the buoyancy of the tissue while 
being submerged in PBS and the lateral slip of the tissue relative to the dish bed. During 
the first indentation experiments, the load-displacement curve showed two phases, 
suggesting that the tissue was not in contact with the dish floor and PBS fluid escaping 
the gap affected the measured load. This resulted in the implementation of a restraining 
method. While clamping seemed to be a good option, the uncontrollable compression 
force on the tissue leaded us to use gravity and apply a constant force with the weight of a 
washer keeping the sample flat to the dish. Later on, with the sliding experiments across 
the tissue, lateral sample motion was observed. Gluing the sample in place was discarded 
since it might affect the load response of the sample hence, the sandpaper floor was 
adopted. 
 
2.4 EXPERIMENTAL PROCEDURES 
Indentation 
Indentation experiments were performed for both unfixed and fixed brain samples on 
gray matter found in the brain cortex on coronal slices. Indentation regions are marked by 
the crosshairs shown on Figure 7. The experiments consist on step indentations in the 
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same position with displacement controlled increments, a relaxation period between 
loading and unloading and a relaxation period prior to the following indentation. 
Relaxation and recovery periods were designed to record any load response relaxation 
and the recovery time allows us to quantify the amount of permanent deformation 
resulting from the previous indentation cycle. The prescribed flexure displacement 
profiles and load response recorded from the indentation cycles can be seen in Figure 16 
a & c and Figure 17 a & c, in total four sets of indentation cycles where performed, two 
on each type of tissue (fixed and unfixed). Indentation rate through all cycles is constant, 
50 µm/s for all tests (indentation period increased accordingly with step size). In the 
unfixed samples one test was performed with 50 µm steps and the other with 20 µm steps 
while both tests on the fixed tissues were performed using 50 µm increments. These 
speeds are on the lower side of the indentation speeds found in literature (Elkin et al. 
2011, Budday et al. 2015, Dommelen et al. 2010 and Prevost et al. 2011). Indentation 
strains for this study were aimed at 10% deformation but reach over 15% on the 
maximum case. Profiles for all tests can be seen in Figures 16 and 17.  
 
 
Friction 
Sliding experiments were performed in a reciprocating motion along a 1.5 mm track on 
gray matter located in the cortex section of coronal rat brain slices (Figure 8). Sliding rate 
was maintained constant at 300 µm/s with increasing normal load recording ~25 cycles at 
each target load. Two sliding experiments were performed on each sample (fixed, 
unfixed) at different locations to prevent track overlapping. The first target load was 
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attained at 40 µN for both unfixed and fixed samples; lower normal loads were not 
possible to obtain in this testing configuration. 
 
Then, sliding experiments on white matter were performed. First, aligning the 
reciprocating motion parallel with the neuronal fibers direction and secondly, sliding 
perpendicularly across the fibers direction (Figure 7). Similarly to the experiments on 
gray matter the sliding experiments concerning white matter were also performed over 
fixed and unfixed samples. Sliding parameters remain the same for this type of tissue, 
same track length, speed and motion. The only difference lies on the target load which 
starts at 50 µN for these experiments. 
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2.5 FIGURES 
 
 
Figure 4. Vertical piezoelectric stage, flexures and capacitive sensors assembly. 
Deflection from the flexure is measured with the capacitive sensors detecting the position 
of the box at the end of the flexure. 
 
 
Figure 5. Sample mounting on microtribometer. Petri dish with sandpaper floor is secured 
to the horizontal stage. A steel washer is placed on top of the sample to prevent undesired 
motion or slippage. And PBS submerging the sample throughout the experiments. 
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Figure 6. Aluminum probe surface scan with KLA TENCOR P-15 profiler measuring the 
probe’s roughness 
 
 
 
Figure 7. Schematic of the coronal slice with crosshairs indicating the sites of indentation 
and lines indicating the track position of friction experiments. Friction experiment 
motions started at the dot and moved toward the arrow. 
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Figure 8. Sample testing setup indicates the correct sample and indenter to petri dish 
scale. The arrows in the lower left corner shows the sample relative motion and, the Fn 
and Ff are the direction of the applied loads during the experiments. 
 
 
Table 1. Samples used for indentation in gray matter and friction experiments used un 
gray and white matter 
 Unfixed samples (PBS) Fixed samples (Formalin) 
Gray matter indentation 
and friction experiments 
8 8 
White matter friction 
experiments 
4 4 
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CHAPTER 3 
DATA ANALYSIS 
 
3.1 DATA ACQUISITION AND ANALYSIS 
Experiments performed in the microtribometer are both controlled and recorded by the 
LabView program made for this purpose. The variables that the microtribometer controls 
are the position and speed of the vertical and horizontal stages. The motion of these 
stages can be prescribed by the user or use the feedback from the sensors to modulate the 
motion of the stages accordingly. Currently the indentation experiments are prescribed by 
the user and the sliding experiments can be both prescribed by the user or employ 
feedback from the system to feed back. The recorded data includes: time, x-position, z-
position, normal force, normal force standard deviation, friction force, friction force 
standard deviation, friction coefficient and its standard deviation. 
 
From every experiment type, indentation or sliding, LabView outputs a master file 
containing the average information from each cycle. In the sliding experiments the file 
shows the average value of data from a selected track percentage in the middle of the 
track on each sliding cycle (one cycle is defined as the forward and backward motion of 
the horizontal stage in a predefined track length while the vertical stage holds its position 
fixed throughout the duration of the horizontal stage displacement) Figure 9.  
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Additionally to the ‘master’ files from the experiments the data from each cycle is 
recorded at a rate prescribed by the user. The cycle files are useful to analyze in depth the 
normal and friction force response from the sample at all times. The amount of data 
obtained depends on the length of each cycle as well as the collection rate selected. Each 
data point recorded is the average of the values measured by the sensors permitted by the 
collection rate (except for time and x,z positions), it is accompanied by a standard 
deviation value that shows the deviation of the averaged value for that data point. 
 
Indentation and sliding experiments are crucial tasks that needs to be performed carefully 
but, the analysis, interpretation and presentation of the data is also of great importance to 
accurately convey the results of the experiments. Figure 10 shows a typical stage motion 
prescription and force response from an indentation experiment.  
 
The sliding experiments results followed a similar analysis path as the indentation ones 
did. The first graph on sliding over gray matter is built by obtaining the average normal 
force and average friction force from the middle 20% (Figure 11) of the sliding track, this 
data is found in the cycle files from each experiments. To collect the values in the Ff vs. 
Fn plot (Figure 21) specific cycles were selected and the error showed in the plot 
corresponds to the median value of standard deviation values on each cycle used for 
averaging. Since the analysis of these cycle files seemed a simple task, a simple solution 
to analyzing the results was implemented. 
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A Matlab code was created allowing us to extract the information from each sliding cycle 
disregarding the results from the track originally selected for the friction experiments. 
With this code not only can the percentage of track analyzed be changed, but also select 
where in the track is this information extracted for analysis (Figure 12). This code allows 
the flexibility to neglect parts of the track containing out of contact track or, to select 
areas of interest in the track and then output an excel file with the computed data.  
 
Sliding experiments over white matter involve parallel and perpendicular sliding with 
respect to the fiber direction (Figure 7). Since the perpendicular track comprises sections 
of white and gray matter the change on friction coefficient and surface height would 
indicate a difference of surface and/or bulk properties. For this the track length was 
discretized in predefined sections and for each section calculating Fn, Ff, µ and surface 
deformation. The results from this analysis are in the form of surface plots (Figure 13), 
for each set of sliding cycles the axes were defined as: track length, cycle number and 
desired value (Fn, Ff, µ and surface deformation). 
 
While using only the center of each stroke is useful, discretizing the track into multiple 
locations is great to find local surface performance behavior uncovering differences 
within the same stroke. The data analyzed and presented in Figure 14 is a compilation of 
specific sliding cycles and local data form the track of those cycles. A single cycle from 
Figure 13 would contain the data found in Figure 14. As seen in Figure 14, the data 
points found in each shaded section are used to compute the local values of that part of 
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the track. Furthermore, to gain a solid insight of the surface behavior, the sliding 
experiments are allowed to reach steady state under a specific ‘target load’. Multiple 
sliding cycles at each load taking the average the data resulting from the cycles within 
this load provides consistent forces on the local surface performance. 
 
To minimize the error introduced in the friction coefficient calculations from having a 
tilted stage reciprocating back and forward, the data used in Equation 1 relates to each 
shaded section on Figure 14. Fff is the friction force while reciprocation motion moves 
forward, Ffb is when the stage moves back. Fn is the normal force. 
 
𝜇 =
𝐹𝑓𝑓 − 𝐹𝑓𝑏
2𝐹𝑛
 
 
 
 
 
 
 
 
 
 
 
 
Eqn.1 
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3.2 FIGURES 
 
Figure 9. The data recorded in the forward and backward motion is referenced to the 
stroke movement in the horizontal stage 
 
 
 
Figure 10. Indentation experiment, note that the time axis is not linear and highlights the 
loading and unloading portions of the experiment. 
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Figure 11. Friction loop percentage and position preset with the friction data analyzed 
highlighted on the track. 
 
 
 
Figure 12. Friction loop percentage and position selection highlighted on desired section 
of the track representing the average friction computed for the cycle. 
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Figure 13. Contour plot showing local friction along the sliding track with increasing 
normal load motivating the need to further analyze the friction data. 
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Figure 14. Fixed and unfixed discretized cycles in 20 sections to calculate local values for 
friction coefficient 
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CHAPTER 4 
RESULTS AND DISCUSSION 
 
4.1 INDENTATION  
Mocro-indentation force and displacement fit to a contact model can be solved for 
material stiffness. The loading section of the indentation profile was extracted from each 
cycle and fitted with a thin film approximation to Hertzian contact mechanics (Figure 15) 
of sphere and flat surface Eqns. 2 and 4. The need of this approximation becomes 
important once the contact radius (a) is comparable to the sample thickness (h), a “stiffer” 
response can be observed if the approximation is not implemented since the indenter not 
only measures the sample properties but also the substrate’s properties under the sample. 
The approximation implemented comes from Chan et al. in Eqns. 2-5, Eqns. 3 and 5 
correspond to fitting the load response and contact radius for thin films. Figures 16 a & c 
and 17 a & c show the fitted curves for the different type of samples (fixed and unfixed 
gray matter) and displacement control profiles, displacement profiles from figures 16 b & 
d and 17 b & d correspond to loading curves in figures 16 a & c and 17 a & c. In total 12 
curves were fitted using nonlinear least squares method for the unfixed samples and 11 
for the fixed samples, shear modulus (G) was the fitting parameter for these loading 
profiles.  
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𝑃 = 𝑃𝐻 ∙ 𝑓𝑃(√𝑅𝛿 ℎ⁄ ) =
8𝑅1 2⁄ 𝛿3 2⁄ 𝐺
3(1−𝜈)
∙ 𝑓𝑃(√𝑅𝛿 ℎ⁄ ) 
𝑓𝑃(√𝑅𝛿 ℎ⁄ ) =
2.36(√𝑅𝛿 ℎ⁄ )2 + 0.82(√𝑅𝛿 ℎ⁄ ) + 0.46
(√𝑅𝛿 ℎ⁄ ) + 0.46
 
𝑎 = √𝑅𝛿 ∙ 𝑓𝑎(√𝑅𝛿 ℎ⁄ ) 
𝑓𝑎(√𝑅𝛿 ℎ⁄ ) =
1.41(√𝑅𝛿 ℎ⁄ )2 + 0.57(√𝑅𝛿 ℎ⁄ ) + 0.5
(√𝑅𝛿 ℎ⁄ )2 + 0.49(√𝑅𝛿 ℎ⁄ ) + 0.5
 
 
Where P is the force response from the material.  
 
While using this approximation the Poisson’s ratio is assumed to be 𝜈=0.5 where the 
indentation rate is thought to be large enough to consider the material as uncompressible 
given that there is not enough time for any fluid to exit the body or allow any significant 
viscoelastic response before the maximum load is achieved. The fitted curves shown in 
the figures correspond to the Young’s modulus using the Poisson’s ratio 𝜈=0.5 as stated 
before. 
 
Young’s modulus in the unfixed brain samples was found to be E=1-3 kPa and for the 
fixed samples E=13-45 kPa resulting in a stiffening factor of ~15 from the protein 
crosslinking after being fixated with formalin. Figure 18 shows the spread and deviations 
for each indentation, deviations are extracted from the fitting bound values of Young’s 
modulus from a 95% confidence. 
 
Eqn.2 
Eqn.3 
Eqn.4 
Eqn.5 
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As seen in the indentation tests, the stiffness on the unfixed gray matter shows a very 
“soft response” to loading as expected, this reinforces the notion of dealing with a highly 
compliant and delicate tissue. The results obtained from indentation expressed as shear 
elastic modulus agree with reported values found on literature on cortex gray matter from 
rat and porcine specimens (Figure 18). 
 
The use of fixed brain samples is a common practice in postmortem studies, some 
examples including these types of tissues are: detection of CNS lesions through scanning 
on AIDS patients [Grafe et al. 1990], ex vivo fiber architecture through DTi and 
tractography on fixed brain [McNab et al. 2009] and axonal ultrastructure imaging 
through electron microscopy [Liu et al. 2014]. To quantify the stiffening effect of 
fixatives, in this case formalin, the indentation results from cortical gray matter using 
unfixed and fixed samples from the same brain extracted from a LE/Blu Gill rat is found 
to have a Young’s modulus increase of ~15 fold (Figure 19). 
 
With these experiments permanent deformation after each cycle loading can be analyzed 
and quantified. Figure 20 shows the deformation attributed to previous loading cycles at 
different indentation depths. The start of permanent deformation is observed well below 
10% indentation strain and it is seen to increase significantly after 10% indentation strain. 
 
Deformation is observed from indentation step cycles even after allowing the same time 
for recovery as the relaxation time. For unfixed indentation the largest total permanent 
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deformations is quantified to be ~10% of the original thickness. For the fixed samples, 
total deformation was found to be ~1.85% of the sample thickness (Figure 20). 
 
Along with permanent deformation the adhesion of the sample to the probe is of interest 
given that brain tissue is also thought to be ‘sticky’, Sharp et al. 2009 attributes greater 
frictional forces to increasing adhesion on lower insertion rates. Zhang et al. 2012 
presents adhesive forces in form of frictional forces in simulations and observes 
increasing electrode delamination with lower friction coefficient (adhesion) values. The 
indentation experiments provide information about adhesion in the unloading section. 
Unfortunately adhesion could not be quantified from these sets of experiments. Given the 
loading and unloading speeds, the data collected during unloading presents a lot of noise 
when the probe stops contacting the sample. Some of the reasons for the noise can be the 
onset of flexure vibration from short time adhesive forces or, a lubricated contact 
promoted by immersion in PBS reducing adhesive forces. 
 
For unfixed samples the indentations show a stiffening trend as the size of the slice 
decreases with each cycle after being deformed. There is no apparent trend of stiffening 
or softening on fixed samples. The difference on sample permanent deformation 
percentage is clear between unfixed and fixed samples suggesting an improvement on the 
recovery mechanisms of the later one. 
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4.2 GRAY MATTER FRICTION  
Sliding over gray matter started at an average normal load Fn~40µN for all experiments 
and increased up to Fn~160 µN for unfixed samples and Fn~3.1mN for fixed samples. 
Friction coefficient for sliding contact between gray matter and an aluminum probe for 
unfixed samples was found to be µ=0.159-0.182 and for fixed samples was found to be 
µ=0.102-0.105. At a constant sliding speed and increasing normal load a steady friction 
coefficient was found for both fixed and unfixed samples revealing a lower friction 
coefficient on fixed samples.  
 
Since the friction and normal loads are widely different from unfixed to fixed results the 
values presented got normalized with the Young’s modulus found on the indentation 
experiments to visualize the slope of each plot better (Figure 21). 
 
The friction coefficient found on unfixed samples is considered to be moderate for 
engineering standards and reduces by ~45% when using fixed tissue. It was observed 
with increasing sliding time that the unfixed sample surface presented creep. The creep 
response on unfixed brain tissue explains the limited upper bound for normal force 
achieved since the vertical stage reached its maximum position without recording the 
high normal force values obtained during step indentations. The friction coefficient found 
on unfixed samples agrees with reported values presented by Rashid et al. in literature 
who used a combination of experimental unconfined compression and finite element 
analysis finding µ=.09~.2 depending on the compression rate. 
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4.3 WHITE MATTER FRICTION 
While performing the sliding experiments over white matter (perpendicular and parallel 
direction) we observed a higher friction coefficient for the case where we slid 
perpendicular to the apparent fiber direction against the case when we slid parallel to it. 
This result can be observed in fixed and unfixed samples. Also, in the perpendicular 
sliding experiments a rise in friction coefficient defines the position of the track where 
white matter was located at the time of the sliding experiment in reference to the probe 
tip. 
 
To represent the behavior of friction coefficient on white matter from our friction 
analysis files approximate 20 cycles were averaged at each targeted normal load. This 
analysis took place on both fixed and unfixed experiments allowing us to present an 
average friction coefficient for each normal load step at 20 spots along the track. Friction 
coefficient is obtained by dividing the friction force over the normal force at each spot 
along the track, then, the friction loop is discretized in 20 sections for analysis ignoring 
the first and last 5% of the track where the probe turns (Figure 22 & 23).  
 
While comparing the friction coefficient from the sliding contact between the parallel and 
perpendicular direction a difference in friction coefficient over the same “material” can 
be observed. An average increase of 40% in friction coefficient can be assessed from 
Figure 22 and 23. The parallel friction coefficient plots reveal a “constant” friction 
coefficient through the track length but, the perpendicular sliding experiments show a 
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section with higher friction coefficient where the white matter is found in the track 
analyzed. 
 
4.4 LIMITATIONS AND RECOMMENDATIONS 
Some of the limitations that we find in this study are the indentation rate, the samples 
viability state during the experimentation period and the sliding speeds during friction 
experiments.  
 
Fitting simpler contact models assumes certain characteristics of the sample, like 
incompressibility during indentation. In this study the indentation rate is assumed to be 
high enough to avoid significant relaxation prior to completing the indentation. To ensure 
that this rate is in fact enough to avoid relaxation a study is recommended to quantify the 
indentation rate threshold for 𝜈=0.5.  
 
Future work on this study should be extended to include multiple sliding speeds. Our 
findings suggest lubrication behavior of gray matter tissue sliding against a solid probe be 
explored with a range of sliding speeds to assess the frictional performance and, 
determine if it follows the Coulomb model of friction or any other. Shearing in the brain 
tissue from specialized situations such as needle steering, surgery or TBI may involve 
higher sliding rates depending on the situation. Hence, it is necessary to extend this study 
to higher sliding speeds to better encompass these situations. The reciprocating stage 
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used in this study is limited in the amount of force capable to exert laterally hence, 
limiting the sample speed relative to the probe. 
 
A possible factor affecting the friction coefficient between fixed and unfixed samples 
could be attributed to adhesion by the contact area between the probe and the sample. 
Unfixed samples are more compliant than fixed ones and contact area is affected by the 
sample deformation, leading to a higher contact area on unfixed samples. Additionally, 
material time constants involving either viscoelastic or poroelastic behavior can be 
compared to the sliding speeds on these types of experiments to further explain the 
mechanics of deformation that may or may not have a direct effect on the friction 
coefficient results. 
 
It would be helpful to determine the time window that the sample tissues are useful for 
indentation and friction experiments after collecting them. To achieve this, a set of 
experiments over aging tissue can show how the friction coefficient changes over time 
and ultimately define a timeframe for testing. Also, creating a standard that can be 
utilized by researchers on this field will reduce the uncertainty built into the difference of 
samples given by their age, sex, method of extraction, preservation, or other factors. 
 
Although the brain sample slices are carefully collected and dissected, any misalignment 
from the sample during the guillotine cutting could result in angled samples with height 
differences at the ends. While this does not affect friction coefficient measurements, 
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fitting Hertzian contact mechanics thin film approximation to the indentation experiments 
will produce an array of elastic property values in a single sample.  
 
The displacement controlled characteristic of the microtribometer system implies that 
neither constant force nor constant indentation depth can be achieved during relaxation 
experiments. This aspect of testing is useful when trying to capture viscoelastic or 
poroelastic behaviors in the samples which often simplify when having constant 
parameters (load or indentation depth). 
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4.5 FIGURES 
 
 
Figure 15. Thin film approximation Hertzian mechanics of sphere on a flat surface 
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Figure 16 a & c. The prescribed flexure displacement shown is represented in black and the load response from indentation experiments 
on unfixed gray matter can be observed in gray, b & d Hertzian mechanics thin film approximation fitting for unfixed gray matter. 
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Figure 17 a & c. The prescribed flexure displacement shown is represented in black and the load response from indentation experiments 
on fixed gray matter can be observed in gray, b & d Hertzian mechanics thin film approximation fitting for fixed gray matter. 
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Figure 18. Experimental and literature gray matter shear modulus comparison 
(Dommelen et al. 2010, Finan et al. 2011, Elkin et al. 2011, Elkin et al. 2011) 
 
 
Figure 19. Young’s Modulus results for fixed and unfixed gray matter showing the 
effects of the fixative. 
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Figure 20. Permanent deformation on step indentation experiments where the recovery 
characteristic is assessed on fixed and unfixed gray matter 
 
 
Figure 21. Normalized friction coefficient from friction experiments over gray matter 
used to characterize the performance of this tissue. 
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Figure 22. Discretized friction coefficient over track length at determined normal loads on unfixed white matter. Locally 
higher friction coefficient was observed on the white matter perpendicular to the sliding track. 
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Figure 23. Discretized friction coefficient over track length at determined normal loads on fixed white matter. Locally higher 
friction coefficient was observed on the white matter perpendicular to the sliding track.
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CHAPTER 5 
POSSIBLE ERROR SOURCES 
 
5.1 FLEXURE DEFLECTION AND SAMPLE SHEAR  
Although the data recorded by the microtribometer is detailed and precise, only gross slip 
motions are typically reported. Since the load measurements depend on the deflection of 
the tip, the recorded data is shifted by the amount of deflection at the flexure tip. This 
shift in position feeds the analysis error and is increased by the addition of the forward 
and backward flexure deflection. As seen in Figure 24, the error from the track shift starts 
to become important when the percentage of analyzed track is reduced.  
 
In this study it is possible to quantify the percentage of track analyzed that actually 
overlaps and present a corrected friction coefficient response form the analysis of the 
track. The minimum track percentage analyzed in this study corresponds to 4.5%. To 
neglect the turning of the probe at the end of the track 5% of data on the top and the 
bottom of the track is not used in the calculations. 
 
In the example on Table 3, a cycle with one of the highest friction forces measured was 
selected, 65% of the track overlaps. Although some blurring can occur between bins and 
this effect amplifies at higher normal loads, we are able to detect distinct friction 
coefficient features on the tested track. 
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Another possible source of track misalignment comes from the sample shearing during 
sliding experiments. Friction force in the brain tissue surface induces shear, leading to the 
sample surface displacing respect to the original horizontal stage position. The amount of 
displacement experienced by the surface depends on the elastic properties of the samples, 
the amount of friction force and the total sample height. Figure 25 shows that shear 
actually improves the track overlapping percentage in the sliding experiments. Higher 
normal loads leading to higher friction forces will attenuate the effect of the higher track 
misalignment caused from the probe deflection during sliding experiments. 
 
Position recorded = X – ΔX + ΔS 
 
 
 
 
 
 
 
Eqn. 6 
45 
 
5.2 FIGURES 
Figure 24. Real values recorded on friction experiments being affected by lateral flexure 
deflection 
 
 
Table 2. Nomenclature of stroke calculations for Figure 24 
 
 
 
 
 
Table 3. Stroke and displacement error calculations 
 
 
Actual_X = X-ΔX   [μm] Real probe position 
ΔX = Ff/Kf              [μm] Flexure deflection 
Ff                             [μN] Friction Force 
Kf                     [μN/μm] Flexure stifness 
X                              [μm] Recorded stage position 
Kf = 66.157 μN/μm 
Track = .045*1500 μm = 67.5 μm 
ΔXf = 1279 μN / 66.157 μN/μm = 19.3 μm 
ΔXb = -269 μN / 66.157 μN/μm = -4 μm 
Overlaping track = 67.5 μm - 19.3 μm + (-4 μm) = 44.2 
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 Figure 25. Influence of sample shear to values recorded on friction experiments. 
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CHAPTER 6 
CONCLUSIONS 
 
Brain tissue is a highly compliant and delicate material that carries specific and important 
tasks necessary for the correct functioning of the human body. These mechanical 
properties determine the brain-skull interactions in TBI and tissue-instrumentation 
interactions during surgery. Indentation experiments on cortical gray matter resulted in 
Young’s modulus of E=1-3 kPa for unfixed samples and E=13-45 kPa for fixed samples 
after being submerged in formalin. The elastic properties from indentation show a close 
agreement on the values published in literature. Also, permanent deformation was 
assessed from this study where indentation was followed by a quasi-static relaxation of 
the sample under load. For unfixed samples the largest deformation recorded is 10% 
while the largest deformation for fixed samples is 1.85% showing that fixed samples have 
a better recovery mechanism to deformation. 
 
 Regardless of the low Young’s modulus recorded, there are other factors contributing to 
the integrity of this kind of tissue during specialized situations causing the tissue to shear 
such as TBI, needle steering or even brain surgery. Multiple publications listed on the 
introduction of this study indicate that the concentration of stresses in this tissue increases 
with the increasing friction coefficient utilized to model compression experiments. While 
we would be interested in obtaining a low friction coefficient that would ultimately allow 
for lower stress concentrations on this tissue, we recorded a friction coefficient when 
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sliding over gray matter of µ=0.159-0.182 for unfixed samples and µ=0.102-0.105 on 
fixed samples. Unfixed gray matter friction coefficient is in agreement with results 
presented by Rashid et al. involving a combination of experimental testing coupled with 
iterative simulation.  
 
Friction experiments on white matter were conducted with the track oriented parallel and 
perpendicular to the fibers direction located on the cortex of cortical brain samples. 
According to the sliding experiments over white matter an increase of friction coefficient 
is observed while comparing the parallel results to the perpendicular results. Spatially 
resolved friction coefficient from the discretized track shows an average increase of 
~40% from the parallel sliding to the perpendicular sliding. Furthermore the interface 
made between the sections of white (higher myelinated fibers concentration) and gray 
matter during perpendicular sliding was detected as an increase on friction coefficient 
recorded (Figure 22 & 23) by the microtribometer. Although the section containing white 
matter is limited, the size of the indenter is appropriate to detect this interface and 
confirm the position of the track within the sample from visual inspection. 
 
These results help to reduce the uncertainty of studies involving brain tissue modeling as 
well as characterizing this material on studies using fixed samples for analysis. 
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